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ABSTRACT 
 
 
 
 
Hydroxyl terminated epoxidized natural rubber (HTENR) was synthesized 
via oxidative degradation method to produce a low molecular weight rubber intended 
for use as a binder for solid rocket propellant.  Epoxidized natural rubber (ENR) was 
depolymerized via chemical degradation method using cobalt (II) acetylacetonate 
(CAA) as the oxidizing agent, followed by treatment with sodium borohydride as a 
reducing agent to introduce hydroxyl (OH) functional group at both chain ends.  The 
reaction times and the amount of oxidizing agent were varied from 1 h to 20 h and 
1% to 5% w/w of CAA respectively in order to obtain the low molecular weight of 
HTENR.  The molecular weight of HTENR was determined using gel permeation 
chromatography (GPC).  The lowest molecular weight of HTENR was achieved at 
3% w/w of CAA after 5 hours reaction time at 60oC where Mn and Mw were 34000 
g/mol and 62000 g/mol respectively.  FTIR analysis confirmed that HTENR 
contained OH group with the appearance of a broad peak around 3200-3600 cm-1 
after the reaction.  The presence of OH end groups was verified by NMR analysis 
with the appearance of two peaks at 3.38 ppm and 3.88 ppm corresponding to 
methylene proton adjacent to hydroxyl group in HOCH2CH2CH2- and methine 
proton adjacent to OH group in –CH2CH2CH(OH)CH3, respectively.  HTENR with 
different Mn were used to produce propellant and its burning rate and calorific value 
were compared with HTPB based propellant as a reference.  Although HTENR based 
propellant produced a slightly lower burning rate compared to that of HTPB based 
propellant, its combustion energy produced was relatively similar to HTPB based 
propellant.  Therefore, it is expected that HTENR is suitable to be used as a binder in 
solid rocket propellant. 
 
. 
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ABSTRAK 
 
 
 
 
 Getah asli epoksida berterminal hidroksil (HTENR) telah disintesis 
menggunakan kaedah penguraian oksidatif bagi menghasilkan getah dengan berat 
molekul rendah sebagai pengikat pendorong roket pepejal.  Getah asli epoksida 
(ENR) dinyahpolimer melalui kaedah penguraian kimia menggunakan kobalt (II) 
asitil asetonat (CAA) sebagai agen pengoksidaan diikuti dengan rawatan 
menggunakan natrium borohydrid sebagai agen penurunan bagi menghasilkan 
kumpulan hidroksil (OH) pada hujung kedua-dua rantai.  Kesan masa tindak balas 
dan kuantiti bahan pengoksidaan diubah dari 1 jam ke 20 jam dan dari 1% ke 5% 
w/w CAA bagi menghasilkan molekul dengan berat terendah.  Kromatografi 
penyerapan gel (GPC) diguna untuk menentukan berat molekul HTENR.  HTENR 
dengan berat molekul terendah diperoleh pada 3% w/w CAA selepas 5 jam tindak 
balas pada 60oC dengan Mn dan Mw masing-masing adalah 34,000 g/mol dan 62,000 
g/mol.  Analisis FTIR membuktikan bahawa HTENR mengandungi kumpulan OH 
dengan kewujudan puncak lebar sekitar 3200-3600 cm-1.  Kewujudan kumpulan 
berfungsi OH di hujung kedua-dua rantai HTENR dikesan menggunakan analisis 
salunan magnet nuklear (NMR) dengan kemunculan dua puncak pada 3.38 ppm dan 
3.88 ppm yang merujuk kepada proton metilena bersebelahan dengan OH dalam 
HOCH2CH2CH2- dan proton metin bersebelahan dengan OH dalam -
CH2CH2CH(OH)CH3.  Bahan dorongan pepejal dihasilkan daripada HTENR dengan 
berat molekul berbeza dan kadar pembakaran dan nilai kalori dibezakan dengan 
pendorong berasaskan HTPB sebagai rujukan.  Walaupun pendorong HTENR 
menghasilkan kadar pembakaran yang sedikit rendah berbanding pendorong HTPB, 
tenaga pembakaran yang dihasilkan adalah hampir sama.  Kesimpulannya, HTENR 
sesuai untuk digunakan sebagai pengikat pendorong roket pepejal. 
 
 
vii 
 
TABLE OF CONTENTS 
 
 
 
 
CHAPTER                 TITLE     PAGE 
   
  DECLARATION          ii 
  DEDICATION          iii 
  ACKNOWLEDGEMENT         iv 
  ABSTRACT           v 
  ABSTRAK           vi 
  TABLE OF CONTENTS         vii 
  LIST OF TABLES          xi 
  LIST OF FIGURES          viii 
  LIST OF STRUCTURES         xvi 
LIST OF SCHEMES         xvii 
  LIST OF ABBREVIATIONS        xix  
  LIST OF APPENDICES         xx 
 
1 INRODUCTION 
1.1 Introduction          1 
1.2 Research Background          4 
1.3 Problem Statement         7 
1.4 Objectives           10 
1.5 Scope of Study          10 
 
2 LITERATURE REVIEW 
 2.1 Epoxidized Natural Rubber        12
viii 
 
 2.2 Liquid Epoxidized Natural Rubber       15 
 2.3 Telechelic Liquid Natural Rubber       16 
 2.4 Synthesis of Telechelic Liquid Natural Rubber      19 
  2.4.1 Redox System         19 
 2.4.2 Photochemical Oxidation       22 
 2.4.3 Cleavage by Periodic Acid       25 
  2.4.4 Ozonolysis Method        29 
  2.4.5 Oxidative Method        31 
 2.5 Rubber Binder          36 
 2.6 Hydroxyl Terminated Polybutadiene       37 
 2.7 Hydroxyl Terminated Natural Rubber       39 
 2.8 Rocket Propellant          41 
 2.9 Solid Rocket Propellant         42 
 2.10 Propellant Ingredients         44 
  2.10.1 Binder           49 
  2.10.2 Oxidizer          50 
  2.10.3 Metal Fuel         52 
  2.10.4 Curing Agent         53 
 
3  RESEARCH METHODOLOGY         
  3.1 Introduction          58 
  3.2 Materials           60 
  3.3 Synthesis of HTENR         62 
 3.3.1 Oxidative Degradation of ENR-50  
     (Experimental Scale)        62 
   3.3.2 Preparation of HTENR with Sodium  
 Borohydride  
   
    64 
 3.3.3 Oxidative Degradation of ENR-50 
 (Big Scale Experiment)        67 
3.4 Sample Characterization      
   3.4.1 Gel Permeation Chromatography       69 
   3.4.2 Fourier Transform Infrared Spectroscopy     69 
   3.4.3 Nuclear Magnetic Resonance       70 
 
ix 
 
3.5 Preparation of Solid Rocket Propellant       70 
  3.6 Propellant Characterization         
   3.6.1 Burning Rate         73 
   3.6.2 Bomb Calorimeter         74 
 
4  RESULTS AND DISCUSSION         
  4.1 Introduction          75 
  4.2 Epoxidized Natural Rubber 
   4.2.1 FTIR Analysis         76 
   4.2.2 1H NMR Analysis         79 
   4.2.3 13C NMR Analysis        82 
 4.2.4 GPC Analysis          87 
 4.3 Kinetic Study of Oxidative Degradation of ENR       88 
 4.4 GPC Analysis      
  4.4.1 Effect of Reaction Time on Mn and Mw  
   of HTENR         89 
  4.4.2 Effect of CAA Amount on the Mn and Mw 
   of HTENR         93 
 4.5 FTIR Analysis          
  4.5.1 Effect of Reaction Time on Oxidative 
   Degradation of ENR-50        99 
  4.5.2 Effect of Amount of CAA on Oxidative  
   Degradation of ENR-50        104 
 4.6 Structural Analysis 
  4.6.1 13C NMR          110 
  4.6.2 1H NMR          117 
 4.7 Proposed Reaction Mechanism        123 
 4.8 Chain Extension Reaction        127 
 4.9 Propellant Preparation and Characterization      130 
  4.9.1 Burning Rate Analysis        130 
  4.9.2 Bomb Calorimeter Analysis       135 
 
 
 
x 
 
 5 CONCLUSION AND RECOMMENDATIONS       
  5.1 Conclusions          137 
  5.2 Recommendations for Future Work       139 
 
REFERENCES             140 
 
Appendices A-F            151-161 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
xi 
 
LIST OF TABLES 
 
 
 
 
TABLE NO.    TITLE    PAGE 
 
2.1  Properties of NR, ENR 25 and ENR 50  
(aPoh and Lee, 1994 and bGelling, 1991)       14 
2.2  Solubility parameter of ENR (Gelling, 1991)      14 
2.3  Synthesis method of TLNR         20 
2.4  Properties of HTPB as a binder (Jain, 2002 and  
MSDS 1986)           39 
2.5  Solid propellants (Cardarelli, 2008)        43 
2.6  Characteristics of operational propellants  
(Sutton and Biblarz, 2001)         44 
2.7  Propellant ingredients used for composite solid  
propellant (Martin, 1990)         45 
2.8  Examples of typical constituents of solid propellant  
forrmulations (Goncalves et al., 2012)       46 
2.9  Examples of common ingredients used in manufacturing  
composite solid propellant (Aziz, 2010)       47 
2.10  Examples of common additives used in manufacturing  
composite solid propellant (Aziz, 2010)       48 
2.11  Physical and chemical properties of polybutadiene based  
binders           50 
2.12  Some important characteristics of oxidizers for composite 
solid propellent (Agrawal, 2010)        51 
2.13  Types of curing agent use in propellant production      55 
xii 
 
2.14  Mechanical properties of the cured polymer   
(Bhowmik et al., 2015)         56 
3.1  Specification of ENR-50 (MRB, Sungai Buloh)      60 
3.2  Properties of HTPB (Zibo Qilong, China)       60 
3.3  List of Chemicals          61 
3.4  Formulation for depolymerization of ENR-50 in toluene  
in the presence of ethanol at 60oC for various  
reaction times (experimental scale)        63 
3.5  Formulation for depolymerization of ENR-50 in toluene  
in the presence of ethanol at 60oC for various amount  
of CAA (big scale experiment)        67 
3.6  Formulation of solid rocket propellant       70 
4.1  Assignments of IR peaks of ENR-50 and NR      77 
4.2  Assignments of 1H NMR of ENR-50        81 
4.3  Assignment of 13C NMR spectrum of ENR-50      86 
4.4  The average number of chain scission, S, based on M  
  values obtained by GPC         91 
4.5  Mn, Mw and PD of ENR-50 and HTENR       95 
4.6  Assignments of IR peaks of ENR-50 and HTENR      101 
4.7  The ratios of IR peak intensities at various frequencies 
 relatives to that at 1378cm-1 for oxidative degradation  
of ENR-50 at various reaction times        102 
4.8  The ratios of FTIR peak intensities at various frequencies 
 relatives to that at 1378 cm-1 for oxidative degradation of 
ENR-50 at various cobalt amount        106 
4.9  Transmittance ratio of peak 3447 cm-1 over peak at  
835 cm-1            108 
4.10  Assignment of 13C NMR spectrum of HTENR      117 
4.11  Assignments of 1H NMR spectrum of HTENR      118 
4.12  Burning rate of HTPB and HTENR based solid rocket  
propellant           134 
4.13  Bomb calorimeter data of HTENR and HTPB based  
propellant           135 
 
xiii 
 
LIST OF FIGURES 
 
 
 
 
FIGURE NO.    TITLE    PAGE 
 
2.1  Schematic representation of (a) conventional network  
structure of a vulcanizate accentuate free chain ends; 
(b) a network structure of a cure telechelic polymer with 
chain ends integrated into the structure (Uraneck, 1960)     17 
2.2  Ammonium perchlorate (AP) in white crystalline solid form    52 
2.3  FTIR spectra of a mixture of HTPB and diisocyanate with  
a NCO/OH ratio of 1.00 (top) before and (bottom) after  
curing (Haska et al., 1997)         57 
3.1  Synthesis of hydroxy terminated epoxidized natural  
rubber (HTENR) as a binder for solid rocket propellant     59 
3.2  Oxidative degradation of ENR (experimental scale)      65 
3.3  Oxidative degradation of ENR (big scale experiment)     67 
3.4 Preparation of the propellant mixture        70 
3.5 (a) Propellant mixture were loaded into soda straws  
(b) Strand wrapped with a white tape        71 
3.6  Some cured strand before storage        72 
4.1  FTIR spectra of ENR-50 before and after drying in vacuum  
dessicator           77 
4.2  1H NMR spectrum of ENR-50        80 
4.3  13C NMR of ENR-50          82 
4.4  All triad sequences of isoprene units (C) and epoxidized 
units (E) in partially ENR-50         84 
 
xiv 
 
4.5  Predicted Chemical Shift of 13C NMR spectra of ENR-50 
triad sequences (ChemDraw Ultra 7.0)       85 
4.6  Chromatogram of ENR-50         87 
4.7  Effect of reaction time on Mn and Mw of HTENR      90 
4.8  Number of chain scission of HTENR        92 
4.9  Effect of CAA amount on Mn and Mw of HTENR      94 
4.10  Further reaction on the effect of CAA amount on Mn 
and Mw of ENR and HTENR         96 
4.11  FTIR spectra of oxidative degradation of ENR-50 at constant  
amount of 1% w/w CAA at different reaction time  
(1 hr, 3 hr, 5 hr and 20 hr)         100 
4.12  The ratios of IR peak intensities at various frequencies  
relative to that at 1378 cm-1 for oxidative degradation of  
ENR-50 at various reaction times        103 
4.13  FTIR spectra of HTENR with different amounts of CAA 
(1% w/w, 2% w/w, 3% w/w, 4% w/w and 5% w/w) at 
constant reaction time          105 
4.14  Ratios of FTIR peak intensities at various frequencies to  
that at 1378 cm-1 against amount of CAA for  
oxidative degradation of ENR-50 in toluene       107 
4.15  Relationship between Mn and OH ratio of HTENR      109 
4.16  13C NMR spectrum of HTENR        111 
4.17  An expansion of the spectrum of HTENR in the  
145 – 215 ppm region          112 
4.18  An expansion of the spectrum of HTENR in the  
120 – 140 ppm region          112 
4.19  An expansion of the spectrum of HTENR in the  
100 – 120 ppm region          113 
4.20  An expansion of the spectrum of HTENR in the  
74 – 80 ppm region          114 
4.21  An expansion of the spectrum of HTENR in the  
58 – 68 ppm region          115 
4.22  An expansion of the spectrum of HTENR in the  
20 – 40 ppm region          116 
xv 
 
4.23  1H NMR spectrum of HTENR: Reaction conditions; 
3% w/w CAA; 5 h reaction; 60oC in the presence of  
ethanol           119 
4.24  An expansion of the 1H NMR spectrum of HTENR in  
the 5.0 – 7.0 ppm region         120 
4.25  An expansion of the 1H NMR spectrum of HTENR in  
the 3.0 – 5.0 ppm region         121 
4.26  An expansion of the 1H NMR spectrum of HTENR in 
the 0 – 3.0 ppm region         122 
4.27  An expansion of the 1H NMR spectrum of HTENR in  
the 8.0 – 11.0 ppm region         123 
4.28  FTIR spectra of ENR-50 and HTENR       124 
4.29  1H NMR spectra of ENR-50 and HTENR       125 
4.30  13C NMR spectra of ENR-50 and HTENR       126 
4.31  FTIR spectra of HTENR and HTENR/IPDI network     129 
4.32  Propellant HTENR-1          132 
4.33  Propellant HTENR-3          132 
4.34  Example of burning rate test for HTENR based propellant     133 
 
 
 
 
 
xvi 
 
LIST OF STRUCTURES 
 
 
 
 
STRUCTURES NO.    TITLE   PAGE 
 
2.1   Telechelic liquid natural rubber (Nor, 1998)      17 
2.2   Hydroxyl terminated natural rubber (Nor, 1998)     18 
2.3   Carbonyl terminated natural rubber (Nor, 1998)     18 
2.4   Chemical structure of HTPB (Daniel, 2006)      38 
4.1   Tetrahydrofuran         78 
4.2   Glycol           78 
4.3   Hydroxyl Formate         79 
4.4   Chemical structure of ENR-50       81 
4.5   Observed 1H chemical shift for ENR-50 (Predicted  
chemical shift are in parentheses)  
(ChemDraw Ultra 7.0)         81 
4.6   Isoprene unit in natural rubber       83 
4.7   ENR-50          83 
4.8   13C NMR of ENR-50         111 
4.9   Predicted 13C NMR chemical shifts of HTENR     116 
4.10   Predicted 1H NMR chemical shifts of HTENR     118 
 
 
 
 
 
  
xvii 
 
LIST OF SCHEMES 
 
 
 
 
SCHEMES NO.    TITLE   PAGE 
 
2.1 (a) Structure of NR (b) Formation of Proxy Formic  
 Acid and (c) Production of ENR (Hoon, 2006)      13 
2.2 Chemical structure of (a) LNR and (b) LENR 
 (Kargarzadeh et al., 2014)         16 
2.3 Controlled degradation of NRL by (O2/Ph-NHNH2) 
 system (Boccaccio and Livonniere, 1991)       21 
2.4 Further reaction of phenylhydrazine with carbonyl  
 terminal group in (O2/Ph-NHNH2) system  
 (Reyx et al., 1992)          22 
2.5 Photochemical cleavage (March, 1992 and Grassie  
 and Scott, 1988)          23 
2.6 Photochemical chain scission (controlled degradation)  
 (Cunneen, 1973)          23 
2.7 Mechanism of depolymerization of DPNR using  
 K2SO4 and propanal (Tangpakdee et al., 1998)      24 
2.8 Degradation of natural rubber latex (NRL)  
 (Reyx and Campistron, 1997)        26 
2.9 Proposed reaction pathway of oxidative degradation of  
 epoxidized rubber by periodic acid 
 (Phinyocheep et al.,2005)         28 
2.10 Controlled ozonolysis of rubber        29
xviii 
 
2.11 Proposed reaction mechanism of polydiene       30 
 (Nor and Ebdon, 2000) 
2.12 Oxidative degradation of NR at high temperature  
 and pressure (Gupta et al., 1985)        32 
2.13 Oxidative degradation of NR via oxidizing agent in  
 the presence of carbonyl compound (Tanaka et al., 1997)    33 
2.14  Proposed mechanism of oxidative degradation  
 of DPNR (Baharulrazi, 2015)        35 
2.15 Formation of polyurethane network       57 
4.1 Expected chain scission mechanism for oxidative  
 degradation of ENR-50 in the presence of ethanol     97 
4.2 Aldol condensation reaction        98 
4.3 Rearrangement of carbonyl oxide in the presence of 
 ethanol           104 
4.4 Ring opening reaction of epoxy functional groups     121 
4.5 Proposed reaction mechanism of oxidative degradation 
 of ENR-50 leading to the production of HTENR      127 
4.6 Plausible reaction of HTENR with IPDI       130 
 
 
 
 
 
xix 
 
LIST OF ABBREVIATIONS 
 
 
 
 
Al  - Aluminum 
AN  - Ammonium nitrate 
AP  - Ammonium perchlorate 
CTPB  - Carboxy terminated polybutadiene 
DPNR  - Deproteinized natural rubber 
ENR  - Epoxidized natural rubber 
FTIR  - Fourier transform infrared 
GPC  - Gel permeation chromatography 
HTNR  - Hydroxy terminated natural rubber 
HTPB  - Hydroxy terminated polybutadiene 
IPDI  - Isophorone diisocyanate 
KBr  - Potassium bromide 
LNR  - Liquid natural rubber 
Mn  - Number average molecular weight 
Mw  - Weight average molecular weight 
MWD  - Molecular weight distribution 
NMR  - Nuclear magnetic resonance 
NR  - Natural rubber 
NRL  - Natural rubber latex 
PBAN  - Poly (butadiene-acrylonitrile) 
SBR  - Styrene butadiene rubber 
SMR  - Standard Malaysia Rubber 
TDI  - Toluene diisocyanate 
THF  - Tetrahydrofuran 
TLNR  - Telechelic liquid natural rubber  
xx 
 
LIST OF APPENDICES 
 
 
 
 
APPENDIX    TITLE    PAGE 
 
 
A  Calculation of epoxy percentage (%)       151 
 
B  Effect of reaction time on Mn and Mw of HTENR     152 
 
C  Calculation of polydispersity (PD) index      155 
 
D  Effect of CAA amount on Mn and Mw of HTENR     156 
 
E  Calculation of the ratio epoxy over double bond     160 
 
F  Burning rate test data         161 
 
 
  
CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Introduction 
 
 
Composite solid rocket propellants are basically prepared from a mixture of 
rubber binder, curing agent, oxidizer and metal fuel.  The rubber binder is an 
important ingredient comprises in composite solid rocket propellants.  It is not only 
functioning as a binder to hold all ingredients together but also behaves as a high 
energy fuel owing to hydrogen and carbon compounds as polymer backbones.  The 
high hydrogen over carbon (H/C) ratio of long polymer chains are believed to 
produce higher combustion energy and highly preferred as a fuel (Jain, 2002) due to 
the availability of energy stored in the hydrocarbons (Bluestone, 2010).  Thus, the 
use of hydrocarbon based binder is a value added to composite solid rocket 
propellants application.  Amongst the earliest rubber binder used are polysulfides, 
polystyrene, epoxy resins and polyurethanes (Daniel, 2006).  Polysulfide was the 
first liquid polymer that could be converted to a rubbery solid by a simple chemical 
reaction as a binder in composite solid rocket propellant owing to its excellent 
physical properties and superior towards the effect of oxygen, ozone, and moisture.  
Although the presence of sulfur in the polymer backbones that behave as an oxidizer 
leads to production of high specific impulse during combustion process (Ang and 
Pisharath, 2012), it may decrease the performance of solid propellant as well. 
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The low temperature property of polysulfide binder which is not sufficient for 
solid propellant application becomes its major drawback.  Many attempts have been 
done to improve this property including the addition of silanes (Schwarz and 
Lowrey, 1967), formation of butyl formal polysulfide and butyl ether polysulfide 
(Gonser, 2003).  Moreover, upon curing of polysulfide binder with metal oxides, the 
addition of metallic fuel powder should be avoided since it may eliminate water thus 
affected the physical and ballistic properties of solid propellant.  In order to enhance 
the rocket performance while reducing its burning temperature, liquid polybutadiene 
(PB) polymers has been used to substitute of polysulfide in solid rocket propellant 
application (Daniel, 2006). 
 
 
Since then, three types of PB polymers that widely used in solid rocket 
propellant were poly (butadiene - acrylic acid) copolymers (PBAA), poly (butadiene 
- acrylic acid – acrylonitrile) terpolymers (PBAN), and carboxyl terminated 
polybutadiene (CTPB).  The copolymer of butadiene and acrylic acid (PBAA) with 
random distribution of –COOH groups in the polymer chain enables it to react with 
an epoxy resin forming a cured binder thus improves the specific impulse and 
mechanical properties with the exception of poor tear strength.  The poor tear 
strength of PBAA binder was solved by the addition of acrylonitrile yielding of 
PBAN (Agrawal, 2010).  This new rubber binder exhibit improved properties 
compared to the previous binders and relatively cheaper to produce (Manu, 2014 and 
Bluestone, 2010).  Afterwards, CTPB with better mechanical properties and low 
temperature characteristic has been discovered in the late 1950s to substitute the 
earlier binders.  Unfortunately, the main problem with CTPB is occurred upon curing 
whereby the ammonium perchlorate (AP) would interfere with the curing agents 
(Klager, 1984). 
 
 
Further, another rubber binder that extensively used in composite solid rocket 
propellants derived from polyurethanes family was developed consisting of diols 
with hydroxyl terminated end groups which were then cured with diisocyanates to 
form urethane network.  Similar to polysulfide binder, liberation of water during the 
reaction of rubber binder with isocyanates may affect the performance of solid 
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propellants thus strictly forbidden.  In addition, the presence of some oxygen in the 
polyurethanes binder system has contributed to exhibit high energetic performance 
compared with polysulfide binder (Gonser, 2003).  Although with these 
improvement, CTPB remained favorable.  Only after the first test of HTPB in solid 
rocket propellant application demonstrated higher strain capacity at low temperature 
and improves ageing properties over CTPB, the exploitation of CTPB has been 
abandoned.  Since that HTPB become extensively used in military and space 
application and remained wanted.  
 
 
HTPB has been used extensively over five decades ago as a rubber binder in 
composite propellant application (Bluestone, 2010 and Daniel, 2006) since it was 
first tested in rocket motor.  Many studies have been done on the synthesis and 
characterization of HTPB as a binder for propellant application as well.  HTPB is 
reported to be the only prepoplymer synthesized as a binder for solid rocket 
propellant application (Jain, 2002 and Sekkar and Raunija, 2015).  HTPB are 
prepared by the free radical polymerization of butadiene, using hydrogen peroxide as 
initiator and an alcohol as solvent.  This prepolymer could serve as a binder as well 
as a high energy fuel.  HTPB exhibits good ageing properties for long storage time 
and low glass transition temperature (Tg). 
 
 
Among others PB based binder, HTPB become the workhorse due to fairly 
good mechanical properties, safety, easy handling, low cost and moderately high 
burning rate.  It is a viscous prepolymer with hydroxyl end groups that suitable for 
chain extension reaction with addition of a curing agent (Jain, 2002) to be function as 
a binder in solid rocket propellant.  Many types of isocyanate curing agent have been 
used such as aliphatic isocyanates and aromatic isocyanates.  HTPB can be cured at 
lower temperature and required minimum curing time make it distinguishable to 
other types of PB binder.  In spite of the advantages offered by HTPB, developments 
of new rubber binder as a replacement is needed to either improve the mechanical 
properties or rocket motor performance.  It is an advantageous to discover an 
alternative binder with comparable properties to replace HTPB especially derived 
from natural resources. 
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Another potential rubber binder for solid rocket propellant application 
derived from natural rubber (NR) namely hydroxyl terminated natural rubber 
(HTNR) has been reported earlier (Gupta et al., 1985; Thomas et al., 1992; Onn, 
2014; Jaafar, 2014; Ab. Rasid, 2015 and Baharulrazi, 2015).  HTNR propellant was 
reported to produce high mechanical and ballistic properties relative to HTPB 
propellant (Gupta et al., 1985).  Accordingly, the development of HTNR propellant 
with addition of 30 – 37.7% of metallic fuel resulted in superior mechanical and 
thermal properties in contrast to HTPB propellant (Thomas et al., 1992).  Based on 
the previously reported data, it is believed that HTNR binder is an ideal candidate to 
substitute HTPB binder.  Aside from being natural resources, the wide source of 
availability become the major advantage of choosing NR as a rubber binder since it 
is renewable resources as well.  Above all, development of a new rubber binder from 
NR based resources is seemed valuable to be produced as an alternative. 
 
 
 
 
1.2 Research Background 
 
 
Rubber binders for composite solid propellants are basically produced from a 
hydrocarbon polymer which consists of hydrogen and carbon chain.  The longer 
rubber chains show the higher combustion energy due to energy store in the polymer 
chains.  The development of polyurethanes binder in the early 1950s has emerged to 
overcome the main drawback of the existing rubber binder such as poor mechanical 
properties, insufficient low temperature characteristic and low specific impulse.  This 
polyurethanes binder is obtained from the reaction of rubber binder with isocyanates 
compound to form urethane linkage and also known as a chain extension reaction.  
This reaction is important since the network formed exhibit dual functions which are 
to bind the propellant ingredients together as well as to provide adequate strength 
related to the propellant mechanical properties. 
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Amongst rubber binders used in solid propellant application, HTPB is the 
most widely used from PB family due to their excellent properties compared with 
other PB binder.  The solid rocket propellant is prepared by mixing of HTPB with 
isophorone diisocyanate (IPDI) for curing process and followed by addition of 
ammonium perchlorate (AP) and aluminum (Al) powder (Barbieri and Polacco, 
2009) according to formulation reported by Aziz (2011).  Although the composition 
of binder used in the production of solid propellant only about ten to fifteen percent 
(10 – 15%), it does provide significant effect on both chemical and mechanical 
properties of propellant.  Besides that binders also act as a fuel during combustion 
process since it consists of hydrocarbon chains.  A lot of work has been done to 
improve the properties of HTPB (Toosi et al., 2015, Gupta et al., 2003 and Hocaoglu 
et al., 2002) and a few studies on finding the new polymer to substitute HTPB 
(Hagen, 2014, Bluestone et al., 2010, Caro, 2006 and Provatas, 2003). 
 
 
Recently, extensive research on hydroxyl terminated natural rubber (HTNR) 
has been done in Propulsion Lab, Universiti Teknologi Malaysia (UTM) in order to 
find the best formulation to produce HTNR binder with superior properties compared 
with HTPB (Baharulrazi, 2015, Ab Rasid, 2015, Jaafar, 2014 and Onn, 2014).  In 
their study, deproteinized natural rubber (DPNR) has been used as a raw material to 
synthesis the HTNR.  DPNR is a purified form of NR with lower content of nitrogen 
and ash.  The significance of this purification is to prevent side reaction during 
degradation process and increases its suitability for specific rubber product purposes 
(He et al., 2011). 
 
 
HTNR has been used in many applications especially as an additive in rubber 
compounding and binder for solid rocket propellant.  Similar to HTPB, HTNR 
contains of hydroxyl end group at both chain ends that useful for chain extension 
reaction.  The reaction of these hydroxyl end groups with isocyanates compound 
(curing agent) produce urethane network which benefits as a binder for solid rocket 
propellant application.  Moreover, other important characteristics to be considered 
when dealing with rubber binder is its number average molecular weight (Mn).  This 
property has significant effect during mixing process in the preparation of solid 
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rocket propellant.  Therefore, selection of the depolymerization methods and reaction 
parameter are vital reason in tailoring the Mn of the rubber binder.  Baharulrazi 
(2015) reported the Mn of the HTNR produced via oxidative degradation of DPNR 
using cobalt acetylacetonate (CAA) as an oxidizing agent yielded low molecular 
weight rubber as HTPB which were 7708 g/mol and 7068 g/mol respectively.  
Burning rate data shows that HTNR binder has a burning rate of 2.79 mm/s while 
HTPB binder 2.95 mm/s.  Based on the data obtained, the performance of the HTNR 
seems to be comparable to HTPB binder and suggested as a suitable candidate to 
substitute HTPB. 
 
 
Although research on HTNR as a binder for solid rocket propellant is 
considered as new in UTM, several results have been documented and published by 
Baharulrazi, (2015), Ab Rasid, (2015), Jaafar, (2014) and Onn, (2014).  Toward 
expending research and development on this field, modified form of NR namely 
epoxidized natural rubber - 50 (ENR-50) has been chosen to produce hydroxyl 
terminated epoxidized natural rubber (HTENR) as an alternative rubber binder to 
replace HTPB binder.  ENR-50 is a derivative form of NR that carries the basically 
almost similar properties with NR.  The chemical structure of ENR-50 consists of 
isoprene and epoxy unit.  The presence of epoxy unit makes ENR-50 more resistant 
towards polar solvent and oil and its compatibility with liquid can be related to the 
solubility (Gelling, 1991).  Due to polarity, ENR-50 is more compatible with 
tetrahydrofuran (THF) rather than toluene.  However, the solubility of ENR in both 
solvent resulted almost similar percentage of gel content which were 22.9% and 
21.3% in toluene and tetrahydrofuran respectively and the addition of small amount 
of ethanol in toluene did help to decrease the gel content in ENR-50. 
 
 
Hence, in this work toluene with addition of small amount of ethanol is used 
as a solvent for synthesis reaction.  The selection of ENR-50 as a potential candidate 
rubber binder for solid rocket propellant is expected to extend the usage of NR with 
excellent properties likes HTNR based binder and comparable to the commercialize 
rubber binder which is HTPB. 
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1.3 Problem Statement 
 
 
 Over five decades ago, HTPB has been used as a workhorse in solid rocket 
propellant application owing to its outstanding mechanical properties (i.e. tensile 
strength, elongation at break, initial modulus and hardness) and ballistic properties 
(i.e. burning rate and calorific value).  HTPB bearing hydroxyl functional end groups 
are reacted with curing agent to produce urethane structure that provide structural 
integrity make it applicable to act as a binder for solid rocket propellant field.  HTPB 
belongs to PB binder family that derived from petrochemicals.  Hence, their price is 
dependent on the oil price and soon their availability may become a major drawback 
to lengthen its usage.  On the other hand, it is difficult to obtain HTPB in a large 
amount from the manufacturer due to a restriction since this is the important 
ingredients use in manufacturing a solid rocket propellant.  In contrast, NR is 
renewable natural resources that can be planted regularly and its availability is not a 
major concern as well as it cultivated continuously.  Therefore, it is advantages to 
utilize NR as an alternative rubber binder to substitute HTPB. 
 
 
 New type of rubber binder from naturally occurred resources has been studied 
to be used as a binder in composite solid rocket propellant application namely 
hydroxyl terminated natural rubber (HTNR).  Gupta et al. (1985) mentioned that 
HTNR show higher calorific value in contrast to with HTPB thus better ballistic 
performance.  Thomas et al. (1992) reported that HTNR had greater advantage over 
HTPB in terms of the H/C ratio which is 1.6 and 1.5 respectively and had lower 
initial and peak decomposition temperature which is 250 and 350oC; and 390 and 
485oC respectively.  However, no extensive research on HTNR as a binder has been 
reported since their first report.  Researcher only focused on the synthesis method to 
produce telechelic liquid rubber (Ben Saleh et al., 2014, Kwanming et al., 2009 and 
Dubkov et al., 2006) without concerning the terminal end groups and less was 
concentrated on the research and development to produce rubber binder for solid 
rocket propellant. 
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Owing to that reason, study on the utilization of natural based binder (HTNR) 
to substitute HTPB seems worthy since Malaysia is amongst the top NR producer, 
and consumption of natural resources is preferable owing to green technology and 
low cost of raw materials (Chapman, 2007).  HTNR with low molecular weight and 
viscosity has been used as an additive especially in composite materials and blending 
system as well as a precursor for the synthesis of new products (Kanestion et al., 
2014; Bijarimi et al., 2014; Ben Saleh et al., 2014; Tan et al., 2013; Phetphaisit et 
al., 2013 and Phinyocheep et al., 2005).  Therefore, it seems valuable to expand the 
general purpose of NR which basically focusing on tire industry (Chapman, 2007) 
into high impact application such as a binder for rocket propellant application.  
Meanwhile, by producing our own natural rubber binder it is expected that to be 
more cost effective than importing it from other countries.  In spite of own rubber 
binder, the consumption of renewable natural resources contributes to give many 
benefits especially towards reducing the effect of global warming. 
 
 
Oxidative degradation of deproteinized natural rubber (DPNR) in the 
presence of ethanol at different reaction time and temperature has been studied to 
produce HTNR as an alternative rubber binder to substitute HTPB binder in solid 
rocket propellant application (Baharulrazi, 2015; Ab Rasid, 2015; Jaafar, 2014 and 
Onn, 2014).  Hydroxyl end group is chosen for chain extension reaction to produce 
rubber binder.  The effect of reaction parameter such as reaction temperature, 
reaction time, type of alcohol used also a very important factor to be evaluated in 
production of low Mn liquid rubber.  Overall, HTNR is believed as a suitable 
candidate to substitute HTPB.  Towards expanding the research in this area, it was an 
attempt to synthesis HTENR from ENR-50 rather than DPNR to be used as a rubber 
binder for solid rocket propellant application.  The produced HTENR binder is 
expected to exhibit almost similar properties as HTNR binder and comparable to 
HTPB binder. 
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The selection of ENR is owing to several reasons.  Firstly, ENR is derived 
from the introduction of epoxy group on the NR backbones, thus it contains general 
characteristic of NR.  Its resilience properties are required in binder application 
especially during transportation and storage of solid rocket propellant.  For rubber 
binder application, suitable resilience value is needed to prevent propellant from 
damages when its drop from a specific height.  Secondly, ENR has similar H/C ratio 
with NR which is 1.6 that higher than HTPB does with 1.5.  Thus the energy store 
inside the hydrocarbon is high compared with HTPB and it is expected that HTENR 
binder produced high combustion energy from HTPB binder.  Thirdly, the study 
made by Thitithammawong et al. (2011) mentioned that hydroxyl telechelic natural 
rubber derived from ENR produce higher percent yield (81%) and low molecular 
weight (850 g/mol) over NR based hydroxyl telechelic natural rubber which are 44% 
and 4900 g/mol respectively.  Based on the aforementioned reason, the chosen of 
ENR as a starting raw material for binder application is expected to have almost 
similar properties likes HTPB hence meet the criterion as a rubber binder. 
 
 
In this study, oxidative degradation using CAA as an oxidizing agent in the 
presence of ethanol and followed by reduction with sodium borohydride (NaBH4) 
was used to produce hydroxyl (OH) terminated end groups.  OH end groups were 
chosen over carbonyl end groups owing to its stability.  The produced HTENR 
bearing OH groups was then used as a binder for the preparation of solid rocket in 
the making solid rocket propellant.  Other ingredients uses for the production of solid 
rocket propellant were isophorone diisocyanate (IPDI) as a curing agent, ammonium 
perchlorate (AP) as oxidizer and aluminium powder (Al) as a metal fuel.  The 
performance of HTENR based propellant was studied to compare with the 
commercial HTPB based propellant in terms of its burning rate and calorific value. 
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1.4 Objectives 
 
 
The research objectives are as below: 
 
1. To produce HTENR by oxidative degradation of ENR and study the 
reduction of molecular weight of the degraded ENR by varying the reaction 
time and the amount of oxidizing agent. 
 
2. To characterize the HTENR obtained and identify the end groups. 
 
3. To perform chain extension reaction of HTENR with IPDI for the formation 
of polymer network  
 
4. To utilize HTENR in the making of solid rocket propellant and carry out its 
burning rate and bomb calorimeter test thus compare with HTPB based 
propellant as a reference. 
 
 
 
 
1.5 Scope of Study 
 
 
  The scopes of this research are: 
 
1. Depolymerization of ENR to obtain HTENR with number average molecular 
weight (Mn) below 50,000 g/mol using oxidative degradation method.  The 
effect of reaction parameters on the reduction of molecular weight were study 
by varied the reaction times from 1, 3, 5 and 20 hours while the amounts of 
oxidizing agent were varied from 1% w/w, 2% w/w, 3% w/w, 4% w/w and to 
5% w/w. 
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2. The characterizations of HTENR were done using GPC, FTIR and NMR.  
HTENR with lowest molecular weight was chosen as rubber binder for solid 
rocket application.  GPC was used to determine the molecular weight of 
respected HTENR.  Meanwhile, FTIR and NMR were used for structure and 
end group determination. 
 
3. The ability of HTENR to perform chain extension reaction was evaluated by 
reaction of HTENR with IPDI as a curing agent. 
 
4. HTENR based propellant was prepared by mixed with curing agent, oxidizer 
and fuel and the ability of HTENR as a binder for solid rocket propellant was 
monitored by burning rate test and bomb calorimeter test. 
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5.2 Recommendation for Future Work 
 
 
 Oxidative degradation of ENR using 3% w/w of CAA as an oxidizing agent 
at 60oC for five hours reaction and followed by the treatment with sodium 
borohydride yielded HTENR with Mn and Mw of 37000 g/mol and 102000 g/mol 
respectively.  Although HTENR was successfully produced to be functioned as a 
binder for composite solid rocket propellant, further work need to be carried out to 
fully exploreits potential characteristics.  For future work, it is recommended to carry 
out the degradation of ENR at various reaction temperatures to evaluate its 
degradation rate.  This is because the reaction temperature contributes a significant 
effect on the degradation rate to minimize the recombination rate.  Increase in the 
degradation rate whilst decrease in recombination rate can lead to the production of 
low molecular weight HTENR which is the main intention for a rocket binder. 
 
 
In order to improve the performance of HTENR propellant, it is suggested that other 
types of diisocyanates is used as a curing agent to further study their suitability as 
well as varying the NCO/OH ratio to find the best ratio for propellant mixtures.  The 
addition of chain extender is suggested for future work to improve the miscibility 
between binder, curing agent, oxidizer and metal fuel.  Moreover, AP is a major 
ingredient in propellant thus their size may have a huge effect on burning rate and 
mechanical strength.  Therefore, the size of AP should be varied to identify the effect 
on HTENR based propellant.  The curing time is another important parameter to be 
studied on since the uncured and over cured propellant sample may have affect on its 
performance.    
153 
 
 
REFERENCES 
 
 
 
 
Ab. Rahim, R. (2012). Hydroxyl Terminated Natural Rubber by Chemical 
Depolymerization. Universiti Teknologi Malaysia. Bachelor Thesis. 
Ab. Rasid, M.F. (2015). Solid Rocket Propellant using Hydroxyl Terminated Natural 
Rubber as a Binder. Universiti Teknologi Malaysia. Bachelor Thesis. 
Agrawal, J.P. (2010). Propellants. In Agrawal, J.P. High Energy Materials: 
Propellants, Explosives and Pyrotechnics. (209-330). Weinheim: Wiley-VCH. 
Aines, R.D. and Rossman, G.R. (1984). Water in Minerals? A Peak in the Infrared. 
Journal of Geophysical Research 89(B6): 4059-4071. 
Aziz, A. (2011). Combustion Characterization of Ammonium Perchlorate Based 
Solid Rocket Propellant. Universiti Teknologi Malaysia. Master Thesis. 
Amnuaysin, T., Buahon, P ans Areerat, S. (2015). Preparation of Natural Rubber 
based Polyol by Oxidative Degradation under Supercritical Carbon Dioxide for 
Flexible Bio-based Polyurethane Foams. Journal of Cellular Plastics 0(0):1-
10. 
Ang, H.G. and Pisharath, S. (2012). Polymers as Binders and Plastisizers – 
Historical Perspective. In Ang, H.G. and Pisharath, S. Energetic Polymers: 
Binders and Plastisizers for Enhancing Performance. (pp. 1-17) Weinheim: 
Wiley-VCH. 
Bac, N.V., Mihailov, M and Terlemezyan, L. (1991). On the Stability of Natural 
Rubber Latex Acidified by Acetic Acid and Subsequent Epoxidation by 
Peracetic Acid. European Polymer Journal 27(6): 557-563. 
 
 
141 
 
 
Baharulrazi, N. (2015). Thermal and Oxidative Degradation Mechanism of Hydroxyl 
Terminated Natural Rubber for Solid Rocket Propellant Binders. Universiti 
Teknologi Malaysia. Ph.D. Thesis. 
Bazaki, H. and Kubota, N. (2000). Effect of Binders on the Burning Rate of AP 
Composite Propellants. Propellants, Explosives, Pyrotechnics 25: 312-316. 
Ben Saleh, A. B., Mohd Ishak, Z.A., Hashim, A.S., Kamil, W.A. and Ishiaku, U.S. 
(2014). Synthesis and Characterization of Liquid Natural Rubber as Impact 
Modifier for Epoxy Resin. Physics Procedia 55: 129-137. 
Bhowmik, D., Sadavarte, V.S., Pande, S.M. and Saraswar, B.S. (2015). An Energetic 
Binder for the Formulation of Advanced Solid Rocket Propellants. Central 
European Journal of Energetic Materials 12(1): 145-158. 
Bijarimi, M., Ahmad, S. and Rasid, R. (2014). Melt Blends of Poly (lactic 
Acid)/Natural Rubber and Liquid Epoxidised Natural Rubber. Journal of 
Rubber Research 17(2): 57-68. 
Bluestone, S., Heister, S.D, Son, S.F. and Austin Jr., B.L. (2010). Development of 
Composite Solid Propellant Based on Dicyclopentadiene Binder. 46th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit. July 25-28. 
Nashville, TN: AIAA.6589. 
Bluestone, S. (2010). Development of Composite Solid Propellants using 
Dicyclopentadiene Binder. Purdue University. Master Thesis. 
Boccaccio, G. and de Livonniere, H. (1991). Modifications Chimiques du 
Caoutchouc Natural Liquide. L’Actualite Chimique 2: 100-105. 
Bradbury, J.H. and Perera, M.C.S. (1985). Epoxidation of Natural Rubber Studied by 
NMR Spectroscopy. Journal of Applied Polymer Science 30: 3347-3364. 
Broose, J.C., Campistron, I., Derouet, D., El Hamdaoui, A., Houdayer, S., Reyx, D. 
and Ritoit-Gillier, S. (2000). Chemical Modifications of Polydiene Elastomers: 
A Survey and Some Recent Results. Journal of Applied Polymer Science 78: 
1461-1477. 
Budiman, A.F.S. (2002). Natural Rubber, Polymer Industry’s Ultimate Resort? 
Natuur Rubber 28 – 4th Quarter 2002. www.rubber-stichting.ind.tno.n1.(pp.1-
20). 
Burfield, D.R., Lim, K-L., Law, K-S. and Ng, S. (1984). Analysis of Epoxidized 
Natural Rubber. A Comparative Study of D.S.C., N.M.R., Elemental Analysis 
and Direct Titration Methods. Polymer 25: 995-998. 
142 
 
 
Caro, Lt. Col. R. I. (2006). Hydroxyl Terminated Polyether Binders for Composite 
Rocket Propellants. Cranfield University. Ph.D. Thesis. 
Chapman, A.V. (2007). Natural Rubber and NR based Polymers: Renewable 
Materials with Unique Properties. 24th International H.F. Mark-Symposium 
Advances in the Field of Elastomers & Thermoplastic Elastomer. November 
15-16. Vienna. 
Chaturvedi, S. and Dave, P.N. (2015). Solid Propellants: AP/HTPB Composite 
Propellants. Arabian Journal of Chemistry. 
http://dx.doi.org/10.1016/j.arabjc.2014.12.033. 
Chaikumpollert, O., Sae-Heng, K., Wakisaka, O., Mase, A., Yamamoto, Y. and 
Kawahara, S. (2011). Low Temperature Degradation and Characterization of 
Natural Rubber. Polymer Degradation and Stability 96: 1989-1995. 
Cunnen, J.I. (1973). Research and The Improvement of Tire Performance. NR 
Technology 4: 65-75. 
Dahlan, H.M., Khairul Zaman, M.D. and Ibrahim, A. (2000). Liquid Natural Rubber 
(LNR) as a Compatibilizer NR/LLDPE Blends. Journal of Applied Polymer 
Science 78: 1776-1782. 
Daniel, M.A. (2006). Polyurethane Binder Systems for Polymer Bonded Explosives. 
DSTO Defence Science and Technology Organisation DSTO-GD-0492. 
Davenas, A. ed. (1993). Chapter 10 – Composites Propellants. Solid Rocket 
Propulsion Technology. New York: Pergamon Press. 415-475. 
Dubkov, K.A., Semikolenov, S.V., Babushkin, D.E., Echevskaya, L.G., Matsko, 
M.A., Ivanov, D.P., Zakharov, V.A., Parmon, V.N. and Panov, G.I. (2006). 
New Reaction for the Preparation of Liquid Rubber. Journal of Polymer 
Science: Part A: Polymer Chemistry 44: 2510-2520. 
Ducruet, N., Delmotte, L., Schrodj, G., Stankiewicz, F., Desgardin, N., Vallat, M-F. 
and Haidat, B. (2013). Evaluation of Hydroxyl Terminated Polybutadiene – 
Isophorone Diisocyanate Gel Formation During Crosslinking Process.  Journal 
of Applied Polymer Science 128(1): 436-443. 
Fainleb, A., Pires, R.V., Lucas, E.F. and Soares, B.G. (2013). Degradation of Non-
Vulcanized Natural Rubber – Renewable Resource for Fine Chemicals Used in 
Polymer Synthesis. Polimeros 23(4): 441-450. 
Gonçalves R. F. B., Iha, K., Machado, F. B. C., Rocco, J. A. F. F. (2012). 
Ammonium Perchlorate and Ammonium Perchlorate – Hydroxyl Terminated 
143 
 
 
Polybutadiene Simulated Combustion. Journal of Aerospace Technology 
Management 4(1):33-39. 
Gemmer, R.V. and Golub, M.A. (1978). 13C NMR Spectroscopic Study of 
Epoxidized 1, 4-Polyisoprene and 1,4-Polybutadiene. Journal of Polymer 
Science 16: 2985-2990. 
Gemmert, R. V. and Golub, M. A. (1978). 13C NMR Spectroscopic Study of 
Epoxidized 1, 4-Polyisoprene and 1, 4-Polybutadiene. Journal of Polymer 
Science: Polymer Chemistry Edition 16: 2985-2990. 
Gillier-Ritoit, S., Reyx, D., Campistron, I. and Laguerre, A. and Singh, R.P. (2003). 
Telechelic cis-1, 4-Oligoisoprenes through the Selective Oxidolysis of 
Epoxidized Monomer Units and Polyisoprenic Monomer Units in cis-1,4-
Polyisoprenes. Journal of Applied Polymer Science 87: 42-46. 
Gelling, I.R. (1991). Epoxidised Natural Rubber. Journal of Rubber Research 6(3): 
184-205. 
Gelling, I.R., Tinker, A.J. and abdul Rahman, H. (1991). Solubility Parameter of 
Epoxidised Natural Rubber. Journal of Rubber Research 6(1): 20-29. 
Gonser, B. W. (2003). Modern Materials: Advances in Development and 
Applications. 6th ed. London, U.K.: Academic Press Inc. 
Grassie, N. and Scott, G. (1988) .Polymer Degradation and Stabilisation, 
Cambridge: Cambridge University Press. 
Gupta, T., De, D. and Adhikari, B. (2003). Effect of Solvent Exposure on the 
Properties of Hydroxyl - Terminated Polybutadiene – based Polyurethanes. 
Polymer International 52: 938-948. 
Gupta, S.K., Kurup, M.R., Devadoss, E., Muthiah, Rm. Ans Thomas, S. (1985). 
Development and Evaluation of a Novel Binder based on Natural Rubber and 
High-Energy Polyurethane/Composite Propellants. Journal of Applied Polymer 
Science 30: 1095-1112. 
Hagen, T. H. (2014). Energetic Binders for Solid Rocket Propellants. Norwegian 
University of Life Sciences. Master Thesis. 
Hamzah, R., Abu Bakar, M., Khairuddean, M., Mohammed, I.A. and Adnan, R. 
(2012). A Structural Study of Epoxidized Natural Rubber (ENR-50) and Its 
Cyclic Dithiocarbonate Derivative using NMR Spectroscopy Techniques. 
Molecules 17: 10974-10993. 
144 
 
 
Haska, S. B., Bayramli, E., Pekel, F. and Oskar, S. (1997). Mechanical Properties of 
HTPB–IPDI-Based Elastomers. Journal of Applied Polymer Science 64(12): 
2347-2354. 
He, C-Z., Peng, Z., Zhong, J-P., Liao, S-Q., She, X0D., Luo, Y-Y. and Tan, H-S. 
(2011). Thermal and Thermo-Oxidative Degradations of Deproteinized Natural 
Rubber and Natural Rubber. Advanced Materials Research 306-307: 50-57. 
Nor, H.M. (1995). Telechelic Natural Rubber Oligomers via Controlled Ozonolysis. 
Lancester University. PhD. Thesis. 
Hocaoglu, O., Ozbelge, T., Pekel, F. and Ozkar, S. (2002). Fine – Tuning the 
Mechanical Properties of Hydroxyl – Terminated Polybutadiene/Ammonium 
Perchlorate. Journal of Applied Polymer Science 84: 2072-2079. 
Hoon, T.C. (2006). Epoxidized Natural Rubber (ENR-50) Stabilized Gold and 
Platinum Organosols. Universiti Sains Malaysia. Master Thesis. 
In Co., AC, ed. (1986). Hydroxyl Terminated Polybutadiene. Material Safety Data 
Sheet. Newton Square. 
Ibrahim, S., Daik, R. and Abdullah, I. (2014). Functionalization of Liquid Natural 
Rubber via Oxidative Degradation of Natural Rubber. Polymers 6: 2928-2941. 
Jaafar, J. (2014). Burning Rate and Characterization of Hydroxyl Terminated 
Natural Rubber / Isophorone Diisocyanate / Glycerol Propellant Composites. 
Universiti Teknologi Malaysia. Master Thesis. 
Jain, S.R. (2002). Solid Propellant Binders. Journal of Scientific & Industrial 
Research 61:899-911. 
Kanestion, K., Abd Aziz, M.A. and Nur Athirah, M.B. (2014). Development of Glass 
Coating using Liquid Epoxidised Natural Rubber. International Journal of 
Engineering and Applied Science 5(7): 12-16. 
Kelm, J. (1995). High Resolution NMR Spectroscopy for the Determination of 
Elastomers, Blends and Thermoplastic Elastomers. (Berlin.): Carbon and 
Proton NMR Spectra Catalogue. 
Kishore, K. and Sridhara, K. (1996). Influence of Structure of Polymeric Fuels on the 
Combustion Behaviour of Composite Solid Propellants. Fuel 45(7): 912-918. 
 
 
 
145 
 
 
Kebir, N., Campistron, I., Laguerre, A., Pilard, J-F., Bunel, C., Couvercelle, J-P. and 
Gondard, C. (2005a). Use of Hydroxytelechelic Cis-1, 4-Polyisoprene (HTPI) 
in the Synthesis of Polyurethanes (PUs). Part 1. Influence of Molecular Weight 
and Chemical Modification of HTPI on the Mechanical and Thermal Properties 
of PUs. Polymer 46: 6869-6877. 
Kebir, N., Morandi, G., Campistron, I., Laguerre, A. and Pilard, J-F. (2005b). 
Synthesis of Well Defined Amino Telechelic Cis-1, 4-Oligoisoprenes from 
Carbonyl Telechelic Oligomers; First Studies of Their Potentialities as 
Polyurethane or Polyurea Materials Precursors. Polymer 46: 6844-6854. 
Klager, K. (1984). Polyurethanes, the Most Versatile Binder for Solid Composite 
Propellants. AIAA/SAE/ASME 20th Joint Propulsion Conference. Jun. 
Cincinnati, OH. AIAA 84-1239. 
Kohga, M. (2009). From Crosslinking to Plastisization – Characterization of 
Glycerin / HTPB Blends. Propellants Explosion & Pyrotechnics 34: 436-443. 
Kuo, K.K. and Acharya, R. (2012). Solid Propellants and Their Combustion 
Characteristics. In Applications of Turbulent and Multiphase Combustion 
(pp.1-71). USA: John Wiley & Sons. doi: 10.1002/9781118127575.ch1. 
Kwanming, K., Klinpituksa, P. and Waehamad, W. (2009). Ultraviolet Curing of 
Acrylated Liquid Natural Rubber for Surface Coating Application. 
Songklanarin Journal of Science and Technology 31(1): 49-55. 
March, J. (1992). Advanced Organic Chemistry: Reaction, Mechanism and 
Structure, 4th edition. John Wiley and Sons, 165-204.  
Mahanta, A.K. and Pathak, D.D. (2012). HTPB – Polyurethane: A Versatile Fuel 
Binder for Composite Solid Propellant. INTECH 
http://dx.doi.org/10.5772/47995 
Manu, S.K. (2014). Composite Solid Propellant Binders. Current Status and 
Advances.shodhganga.inflibnet.ac.in/bitstream/10603/22818/11/11_chapter1.p
df  
Manu, S.K. (2009). Glycidyl Azide Polymer (GAP) as a High Energy Polymeric 
Binder for Composite Solid Propellant Applications. Mahatma Gandhi 
University. PhD. Thesis. 
Maruizumi, H., Kosaka, K., Suzuki, S. and Fukuma, D. (1988). Development of 
HTPB Binder for Solid Propellants. AIAA-88-3352. AIAA/SAE/ASME/ASEE 
24th Joint Propulsion Conference. July 11-13. Boston, Massachusettes. 
146 
 
 
Mas Haris, M. R. H. and Raju, G. (2014). Preparation and Characterization of 
Biopolymers Comprising Chitosan-Grafted-ENR via Acid-Induced Reaction of 
ENR50 with Chitosan. eXPRESS Polymer Letters 8(2): 85–94. 
Muthiah, Rm., Krishnan, T.E., Chelladurai, T., Rao, S.S., Ninan, K.N. and Sastri, 
K.S. (2001). Effect of Aluminium in Propellant Composition on Acoustic 
Emission Parameters. Short Communication Deffensive Science Journal 51(2): 
155-158. 
Nor, H. M. and Ebdon, J.R. (2000). Ozonolysis of Natural Rubber in Chloroform 
Solution. Part 1. A Study by GPC and FTIR Spectroscopy. Polymer. 41: 2359–
2365. 
Nor, H. M. and Ebdon, J.R. (1998). Telechelic Liquid Natural Rubber: A Review. 
Progress in Polymer Science 23: 143-177. 
Nair, N.R., Claramma, N.M, Mathew, N.M., Thomas, S. and Rao, S.S. (1995). Flow 
Properties of Thermally Depolymerized Liquid Natural Rubber. Journal of 
Applied Polymer Science 55: 723-731. 
Onn, M., Mohd Nor, H. and Wan Ali, W.K. (2014). Development of Solid Rocket 
Propellant based on Diisocyanate-Hydroxyl Terminated Natural Rubber 
Binder. Jurnal Teknologi (Sciences & Engineering) 69(2): 53-58. 
Phetphaisit, C.W., Bumee, R., Namahoot, J., Ruamchareon, J. and Ruamcharoen, P. 
(2013). Polyurethane Polyester Elastomer : Innovative Environmental Friendly 
Wood Adhesive from Modified PETs and Hydroxyl Liquid Natural Rubber 
Polyols. International Journal of Adhesion & Adhesives 41: 127-131. 
Phinyocheep, P., Phetphaisit, W., Derouet, D., Campistron, I. and Broose, J.C. 
(2005). Chemical Degradation of Epoxidized Natural Rubber using Periodic 
Acid: Preparation of Epoxidized Liquid Natural Rubber. Journal of Applied 
Polymer Science 95: 6-15. 
Phinyocheep, P. (2014). Chemical Modification of Natural Rubber (NR) for 
Improved Performance. In Kohjiya, S. and Ikeda, Y. ed. Chemistry, 
Manufacture and Applications of Natural Rubber. UK: Elsevier, 68-118. 
Pire, M., Norvez, S., Illiopoulos, I., Le Rossignol, B. and Leibler, L. (2010). 
Epoxidized Natural Rubber/Dicarboxylic Acid Self-Vulcanized Blends. 
Polymer 51: 5903-5909. 
Poh, B.T. and Lee, K.S. (1994). FTIR Study of Thermal Oxidation of ENR. 
European Polymer Journal 30 (1): 17-23.  
147 
 
 
Pire, M., Lorthior, C., Oikonomou, E.K., Norvez, S., Ilipoulos, I., Rossignol, B.L. 
and Liebler, L. (2012). Imidazole-Accelerated Crosslinking of Epoxidized 
Natural Rubber by Dicarboxylic Acids: A Mechanistic Investigation using 
NMR Spectroscopy. Polymer Chemistry 3: 946-953. 
Provatas, A. (2003). Characteristicc and Binder Studies of the Energetic Plasticiser 
– GLYN Oligomer. Defence Science & Technology DSTO-TR-1422. 1-30. 
Ravindran, T., Gopinathan Nayar, M. R. and Joseph, D. (1988). Production of 
Hydroxyl Terminated Liquid Natural Rubber – Mechanism of Photochemical 
Depolymerization and Hydroxylation. Journal of Applied Polymer Science. 35: 
1227-1239. 
Reich, H.J. (2010). 6. Carbon – 13 Nuclear Magnetic Resonance Spectroscopy. 
University of Wisconsin. Madison. 
Reyx, D., Campistron, I. and El Hamdaoui, A. (1992). In Biodegradable Polymers 
and Plastics. Ed. Vert, M., Feijin, J., Albertsson, A., Scott, G. and Chielline, E. 
The Royal Society of Chemistry, 275-278. 
Rooshenass, P., Yahya, R. and Gan, S.N. (2015). Comparison of Three Different 
Methods to Produce Liquid Epoxidized Natural Rubber. Rubber Chemistry 
and Technology In Press. doi: http://dx.doi.org/10.5254/RTC.15.84878 
Saito, T., Klinklai, W. and Kawahara, S. (2007). Characterization of Epoxidized 
Natural Rubber by 2D NMR Spectroscopy. Polymer 48: 750-757. 
Saetung, A. (2009). Preparation of Polyurethane Foams from Hydroxytelechelic 
Oligoisoprenes obtained by Controlled Degradation of Natural Rubber: 
Study of Their Physico-Mechanical, Thermal, and Acoustic Properties. Prince 
of Songkla University. Ph.D. Thesis. 
Saetung, A., Rungvichaniwat, A., Campistron, I., Klinpituksa, P., Laguerre, A., 
Phinyocheep, P. and Pilard, J-F. (2010). Controlled Degradation of Natural 
Rubber and Modification of the obtained Telechelic Oligoisoprenes: 
Preliminary Study of their Potentiality as Polyurethane Foam Precursors. 
Journal of Applied Polymer Science 117: 1279-1289. 
Santhosh, G., Venkatachalam, S. and Ninan, K.N. (2002). Introduction to Explosives 
and Propellants. 1st International HEMSI Workshop, Ranchi, India. 87-106. 
Sathiskumar, P.S. and Madras, G. (2012). Ultrasonic Degradation of Butadiene, 
Styrene and Their Copolymers. Ultrasonics Sonochemistry. 19: 503–508. 
148 
 
 
Schwarz, W. and Lowrey, R.D. (1967). Silane Polysulfide Polymers as Solid 
Composite Propellant Binders. Journal of Applied Polymer Science 11: 553-
566. 
Sekkar, V. and Raunija, T.S.K. (2015). Hydroxyl-Terminated Polybutadiene-Based 
Polyurethane Networks as Solid Propellant Binder-State of the Art. Journal of 
Propulsion and Power 31(1): 16-35. 
Sekkar, V., Krishnamurthy, V.N. and Jain, S.R. (1998). Characterization of 
Copolyurethanes Based on Hydroxy-Terminated Polybutadiene and Poly (12-
Hydroxystearic Acid-co-TMP) Ester as Propellant Binders: Correlation 
Between Resin Structural Characteristics and Ultimate Propellant Mechanical 
Properties. Propellants, Explosives, Pyrotechnics 23: 246-253. 
Sitinjak, e.M., Kaban, J., Ginting, M. and Eddyanto (2015). Chain Scission Reaction 
of the Indonesian Technically Specified Rubbers in Redox System. 
International Journal of Engineering Research & Technology 4(4): 1262-1265. 
Tan, S.K., Ahmad, S., Chia, C.H., Mamun, A. and Heim, H.P. (2013). A Comparison 
Study of Liquid Natural Rubber (LNR) and Liquid Epoxidized Natural Rubber 
(LENR) as the Toughening Agent for Epoxy. American Journal of Materials 
Sciences 3(3): 55-61. 
Tan, K.S. and Yusuf, A. (2003). Some Studies on the Effect of Solvent in ENR 60 
Gel Content Measurements. Journal of Rubber Research 6(4): 189-194. 
Tanaka, Y., Sakaki, T., Kawasaki, A., Hayashi, M., Kanamaru, E. and Shibata, K. 
(1997). U.S. Patent 5, 622, 998. .Depolymerized Natural Rubber and Process 
for Preparation Thereof. 
Tanaka, Y., Sakaki, T., Kawasaki, A., Hayashi, M., Kanamaru, E. and Shibata, K. 
(1999). U.S. Patent 5, 856, 600. .Production Process of Depolymerized Natural 
Rubber. 
Tangpakdee, J., Mizokoshi, M., Endo, A. and Tanaka, Y. (1988). Novel Method for 
Preparation of Low Molecular Weight Natural Rubber Latex. Rubber 
Chemistry and Technology 71(4): 795-802. 
Tanrattanakul, V., Wattanathai, B., Tiangjunya, A and Muhamud, P. (2003). In Situ 
Epoxidized Natural Rubber: Improved Oil Resistance of Natural Rubber. 
Journal of Applied Polymer Science 90: 261-269. 
Thakre, P. and Yang, V. (2010). Solid Propellants. In Blockley, R. and Shyy, W. ed. 
Encyclopedia of Aerospace Engineering. London: John Wiley. 
149 
 
 
Thitithammawong, A., Srangkum, S. and Rungvichaniwat, A. (2011). 
Hydroxytelechelic Natural Rubber from Natural Rubber and Epoxidised 
Natural Rubber. Journal of Rubber Research 14(4): 230-240. 
Thomas, S., Varghese, T.L., Gupta, S.K. and Ram, T.S. (1992). Natural Rubber 
Based Fuel Rich Propellant for Ramjet Rocket. Defensive Science Journal 
42(3): 141-146. 
Thomas, S., Varghese, T.L., Gupta, S.K., Ram, T.S. and Krishnamurthy, V.N. 
(1992). Defence Science Journal 42(3): 141-146. 
Tillekeratne, L.M.L., Perera, P.V.A.G., De Silva, M.S.C. and Scott, G.J. (1977). 
Studies on The Use of Solar Energy for The Preparation of Liquid Rubber. 
Journal Rubber Research Institute Sri Lanka 54: 501-507. 
Thittithammawong, A., Srangkhum, S. and Rungvichaniwat, A. (2011). 
Hydroxytelechelic Natural Rubber from Natural Rubber and Epoxidizer 
Natural Rubber. Journal of Rubber Research 14(4): 230-240. 
Toosi, F.S., Shahidzadeh, M. and Ramezanzadeh, B. (2015). An Investigation of the 
Effects of Pre-Polymer Functionality on the Curing Behavior and Mechanical 
Properties of HTPB based Polyurethane. Journal of Industrial and 
Engineering Chemistry 24:166-173. 
Vaysse, L., Bonfils, F., Thaler, P. and Sainte-Beuve, J. (2014). Chapter 9.5 Natural 
Rubber. In Hofer, R. ed. Sustainable Solutions for Modern Economics. UK: 
The Royal Society of Chemistry, 339-367. 
Vesna, R. and Petric, M. (2005). The Effect of Curing Agents on Solid Composite 
Rocket Propellant Characteristics. Scientific – Technical Review LV(1):46-50. 
Wichian, A. N. (2013). Preparation and Mechanical Property of the Epoxidized 
Natural Rubber from Field Latex. Rubber Thai Journal. 2: 1- 8. 
Wingborg, N. (2004). Improving the Mechanical Properties of Composite Rocket 
Propellants. Royal Institute of Technology. Ph.D. Thesis. 
Xu, K., He, C., Wang, Y., Luo., Y., Liao, S. and Peng, Z. (2012). Preparation and 
Characterization of Epoxidized Natural Rubber. Advanced Materials 
Research 396-398: 478-481. 
Yahya, R., Isa, S.Z., Tahir, M. and Hassan, A. (2007). The Influence of Temperature 
and Reaction Time in the Degradation of Natural Rubber Latex. 
150 
 
 
Yu, H., Zeng, Z., Lu, G. and Wang, Q. (2008). Processing Characteristics and 
Thermal Stabilities of Gel and Sol of Epoxidized Natural Rubber. European 
Polymer Journal 44: 453-464. 
 
  
  
Chromatogram of HTENR 3CE5
Mn 37000 g/mol ; Mw
 
 
Chromatogram of HTENR 4CE5
Mn 48000 g/mol ; Mw
 
 
 102000 g/mol 
 
 101000 g/mol 
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Chromatogram of HTENR 5CE5
Mn 45000 g/mol ; Mw
 
Chromatogram of HTENR 6CE5
Mn 70000 g/mol ; Mw
 
 
 95000 g/mol 
 
 137000 g/mol 
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Chromatogram of HTENR 8CE5
Mn 73000 g/mol ; Mw
 
Chromatogram of HTENR 10CE5
Mn 75000 g/mol ; Mw
 
 
 140000 g/mol 
 
 133000 g/mol 
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APPENDIX E 
 
 
 
 
Calculation of the ratio epoxy over double bond 
 
Ratio of integral area from 1H NMR spectrum of ENR (before oxidative 
degradation); 
 
  7		8-..81./			9  = 
!.!3:
!   
     = 1.143 
 
 
Ratio of integral area from 1H NMR spectrum HTENR (after oxidative degradation); 
 
  7		8-..81./			9  = 
#.#;:
!   
     = 2.253 
 
 
    ∴ 	 #.#;:! =	
!.!3:
=  
 
      = !.!3:	=	!#.#;:  
 
      = 0.507 
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APPENDIX F 
 
 
 
 
Burning Rate Test Data 
 
 
Sample No Time(s) Burning rate (mm/s) 
Average 
(mm/s) 
Calorific 
Value 
HTPB 1 15.91 3.14 
2.95 15143  
2 16.28 3.07 
 
3 17.45 2.87 
 
4 18.33 2.73 
HTENR-1 1 25.00 2.00 
2.14 12691  
2 22.00 2.27 
 
3 25.00 2.00 
 
4 22.00 2.27 
HTENR-3 1 23.00 2.17 
2.06 14765  
2 29.00 1.72 
 
3 27.00 1.85 
 
4 20.00 2.5 
HTENR-5 1 20.00 2.5 
2.26 13545  
2 23.00 2.17 
 
3 24.00 2.08 
 
4 22.00 2.27 
 
 
